ABSTRACT. A crude protease preparation from papaya (Protease Type III, Sigma) brought about reversible adhesion between adjacent cells of a variety of species including those of lymphoid, epithelial and fibroblastic origin at low ionic strength (below 100 mM).Sensitivities of the adhesion activity to ambient ionic strength, Ca2+, Mg2+and pH indicated that the cell-cell contact is based on the electrostatic interaction. By ion-exchanger chromatography and gel-filtration chromatography it is suggested that the adhesion molecules in the protease preparation are dimers of cationic protein of 28 kDa distinct from the proteolytic component.
teases themselves mayfacilitate closer contact between adjacent cells. Therefore, we have studied adhesive activities of a variety of protease preparations. In the present study we found that a crude preparation of papaya protease (Protease Type III, Sigma) exhibits a prominent cell-to-cell adhesive activity at low ionic strength. The adhesion factor is found to be a component distinct from the proteolytic componentand to bridge electrostatically between adjacent cells of various origin. Some of these results have been published elsewhere in abstract form (8, 9) .
MATERIALS AND METHODS

Cellpreparation.
Mouse T-lymphoma L5178Y, human Blymphoma Raji, mouse myeloma NS-1 and J558L, mouse fibroblastic L, human epithelial Intestine 407 and HeLa cells were maintained at 37°Cin culture. Before use in experiments, L, Intestine 407 and HeLa cells were mechanically detached from the plastic substrate and cultured in suspension for 30-50 min with gentle stirring. All the suspension cultures were found to consist of cells isolated from each other. Unless otherwise stated, the experiments were performed with L5178Ycells. To observe adhesion between myelomaNS-1 and J558L cells, neither of which could be morphologically distinguished from each other under light microscope, the former was stained with Janus Green (Wako Pure Chemical Ltd., 0.12 mg/ml, 30min), and the latter was with Neutral Red (Wako Pure Chemical Ltd., 0.24 mg/ml, 30 min). When specified, the cells were pretreated with 2 mg/ml papaya protease for 5 min. Cells were washed twice with an isotonic, low ionic strength "assay solution" composed of 300 mMmannitol, 1 mMCaCl2 and 5 mMTris-HCl (pH 7.4) and suspended in solution at a fixed cell density (usually 1-2 x 106/ml). To change the ionic strength, a certain amount of KC1, NaCl, K-aspartate, K2SO4 or MgCl2was directly added to the cell suspension, or mannitol in the cell suspension was replaced with KC1or NaCl on an equiosmolar basis. When necessary, the pH was altered by changing the amount of HC1added to the cell suspension. Proteolytic enzymes. With the exception of dispase the following protease preparations were purchased from Sigma Chemical Company, stored at -20°C and dissolved in assay solution immediately before the adhesion test: Proteases Type I (at a final concentration of 50 //g/ml), III (papaya protease, usually 2-3 mg/ml), IV (1 mg/ml), XI (50-500 jug/ml) and XIV (50 /ig/ml), trypsin (0.5-1 mg/ml), dispase (Godo Shusei Company, 10-100^g/ml), a-chymotrypsin (0.3-1 mg/ml), carboxypeptidase Y (200 fig/ml), and leucine aminopeptidase (100 fjtg/ml). In some experiments, papaya protease was provided after incubating in assay solution for 1 or 12 h in the absence or presence of trypsin (0.4 mg/ml). Trypsin inhibitor (Type I-S, Sigma: 100^g/ml) was added to these samples immediately before use.
Cell adhesion assay. Cell-to -cell adhesion was initiated by agitation of the cell suspension in the presence or absence of proteases for 30 s with a vortex mixer. After stabilizing the cell suspension for 4.5 min, the number of attached and nonattached cells was counted under a light microscope using a hemocytometer. The percentage adhesion index was calculated as the proportion of total cells participating in cell-tocell adhesion multiplied by 100.
Before the adhesion assay of the fractions resulting from chromatography, the fractions were dialyzed against a hypotonic, low ionic strength dialyzing solution containing 0.1 mM CaCl2 and 20 mMTris-HCl (pH 7.4) at 4°C.
All the adhesion assays were performed at room tempera-
Proteolytic activity assay. Proteolytic activities were estimated by measuring degradation of 125I-labeled albumin, as reported previously (10) . In brief, bovine serum albumin, which had been labeled with 125I by the chloramine-T method (ll),
was adsorbed onto the substrate of a 96-well plastic plate (Corning, Iwaki Glass Co.). After washing twice with a phosphate-buffered saline containing 0.8% NaCl, 0.02% KC1, 0.284% Na2HPO4 12H2O and 0.02% KH2PO4, the well was incubated with a sample protease solution for 1 h. The 125I liberated into the supernatant was counted by a gammascintillation counter and used as an indication of the proteolytic activity.
All the assays were carried out at room temperature. Purification of the adherent component. The papaya protease solution (100 mg/ml in dialyzing solution) was applied to a cation-exchanger column of CM-Sepharose(130 mmin length, 14 mmin diameter; Pharmacia LKB Biotechnology), which had been equilibrated with dialyzing solution, and eluted with dialyzing solution containing NaCl in a linear gradient (0-0.5 M). The eluted fractions which exhibited adhesion activities were then pooled and concentrated by ammonium sulfate precipitation (0-80% saturation). The precipitate was dissolved in 2 ml of dialyzing solution and finally applied, without dialysis, to a gel-filtration column of Sephacryl S-200 (84cm in length, 15.7 mmin diameter; Pharmacia LKB). The eluent was composed of 0.3 MNaCl, 0.1 mMCaCl2 and 20 mMTris-HCl (pH 7.4). Somefractions of the gel-filtration chromatography were reduced with 1 mMdithiothreitol and heated at 95°C for 3 min. SDS/PAGEwas then performed on these fractions with 10% polyacrylamide gels, according to the method of Laemmli (12) . The electrophoretic bands were stained with Coomassie brilliant blue.
All the procedures were carried out at 4°C.
RESULTS
Papaya protease-induced cell adhesion. As shown in Fig. 1A , most mouse T-lymphoma L5178Y cells becameattached to each other after agitation in the presence of papaya protease. In contrast, virtually no adhesion (less than 3%) was brought about by the same assay procedure in the absence of the protease. Similar homogeneous cell-to-cell adhesion induced by the protease was also found in the other cell species tested including human B-lymphoma Raji (Fig. IB) and HeLa, and mouse fibroblastic L cells (Fig. 1C) . Heterogeneous cell-to-cell adhesion was also induced by papaya protease between NS-1 and J558L, between Intestine 407 and J558L, between NS-1 and L, and between L and J558L cells. Both homogeneousand heterogeneous cell-to-cell adhesion was completely reversible. By diluting with protease-free assay solution or by adding a certain amount of electrolytes (e.g., 150 mMKC1) attached cells instantaneously became detached. In contrast to the case of cell-cell fusion (13), a mixing of vitally staining dyes was never observed between Janus Green-stained NS-1 and Neutral Red-stained J558L cells. As shown in Fig. 2 , the adhesion index sigmoidally increased with increasing concentration of papaya protease. The log-log plot gives a slope of about 2 at lower concentrations ( Fig. 2: Inset) , suggesting that at least two molecules are involved in the cell-to-cell adhesion.
No cell-to-cell adhesive activities were detected in the other protease types tested, including proteases Type I, IV, XI and XIV, trypsin, a-chymotrypsin, dispase, carboxypeptidase Y and leucine aminopeptidase.
Involvement of surface charge. Since the cell-tocell adhesion induced by papaya protease was inhibited by addition of electrolytes, the dependence on ionic strength was examined by adding various ionic species.
As shown in Fig. 3A , the adhesion index decreased proportionally to the square root of ionic strength, which is a measure of the thickness of the double layer (Debye length) between fixed surface charges and mobile ion charges (14) , irrespective of the electrolyte species. Virtually no adhesion was observed at ionic strength higher than 100 mM. Since these results suggest that papaya protease-induced adhesion is based on an electrostatic double layer interaction (15) , the effects of modification of surface charges on the cell membrane and adhesion molecules, if any, were examined by adding divalent cations or by changing the ambient pH. Extracellular Ca2+ and Mg2+ ions markedly attenuated the adhesive activity. At a fixed ionic strength (29.3 mMusing NaCl), as shown in A) The square-root sensitivity to ionic strength. KC1 {triangles), NaCl {circles), K-aspartate {squares) or K2SO4 {crosses) was cumulatively added to the cell suspension. Whenmannitol in the cell suspension was replaced with KC1or NaCl on the equiosmolar basis, essentially identical results were obtained. The cell density was 1.25-1.45 x 106/ml. B) Ca2+-and Mg2+-sensitivities. The ionic strength was kept constant at 29.3 mMwith NaCl. Cell density was 1.3-1.7 x 106/ml. C) pH-sensitivity. Experiments were done at two different cell densities, as indicated.
the higher pH region, as shown in Fig. 3C . The half-inhibition pH value (isoelectric point) was 8.5 to 8.8. Adhesioncomponentin the protease preparation. Whenpapaya protease was heated at 90°C for 3 min (Fig. 4A, upper half) or kept at room temperature for 1 month, the adhesive activity was abolished. The protease became less effective and virtually ineffective after trypsinization for 1 and 12h, respectively (Fig. 4B) .
Thus, it appears that the adhesion components are proteins.
L5178Ycells pretreated with papaya protease did not exhibit cell-to-cell adhesion in assay solution in the absence of the protease (Fig. 4A, lower half) . The pretreated cells, just as the control cells without protease pretreatment, becameattached to each other after addition of papaya protease. Addition of heat-inactivated papaya protease to the pretreated cells did not result in cell-to-cell adhesion. These results suggest that the proteinous components directly mediate the cell-to-cell ad- NaCl (fraction number 35-75), several major peaks were obtained, as shown in Fig. 5A . Neither adhesive nor proteolytic activity was found in pass through fractions (fraction number 5-15). Adhesive activities were found in fractions eluted at 0.27-0.37 M (fraction number 58-63), whereas proteolytic activities were confined to fractions eluted at 0.21-0.26 M (fraction number 52-55), as seen in Fig. 5B . These results clearly indicate that the adhesion molecules are cationic and distinct from the proteolytic molecules. After concentration by ammoniumsulfate precipitation, the adhesive fractions (number 58-63) were further fractionated by gel-filtration chromatography on Sephacryl S-200. As shown in Fig. 6A {open squares) , two peaks were obtained and their ratio of molecular size was around 1 : 2 (Fig. 6B ). The fraction with the higher molecular size was found to exhibit more prominent adhesion activity than the other (Fig. 6A,filled cir- cles).
The gel-filtration fractions (number 32-45) were migrated on SDS-polyacrylamide gels. As shown in Fig.  6C , all the fractions gave rise to the same single band (molecular size of about 28 kDa).
DISCUSSION
Extracellular proteases are knownto modulate a variety of cellular activities such as cell growth (16) (17) (18) , neurite outgrowth (19) , cell-substrate adhesion (18) , cellcell fusion (7), tissue remodeling during morphogenesis and cell migration (20, 21) , blood coagulation (22), and platelet activation (23) . In the present study a fraction of papaya protease (Protease Type III, Sigma) was, for form bridges between adjacent cells. Curtis (15) proposed an electrostatic double layer model for the cell-to-cell contact mechanism based on the Verway-Overbeek colloid theory (14) . Although this modelmay not be applicable to the cell-to-cell contact mediated by cell adhesion molecule super families such as cadherins, CAMand integrin (1-3), the electrostatic double layer interaction appears to account, at least in part, for somecell-to-cell adhesion phenomenamediated by large molecules; for example, the rouleaux phenomenon of red blood cells (24) and heparin-mediated aggregation of lymphoid cells (25) . The present study provides another example of electrostatic cell-to-cell adhesion mediated by proteinaceous molecules. OH  1  1  r  1  ,  ,  , 
